One sentence summary: The downstream effector molecule, RTA2, of the calcineurin pathway regulates Hac1p-dependent expression of genes involved in the unfolded protein response pathway, during tunicamycin-induced ER stress in Candida albicans. Editor: Richard Calderone
INTRODUCTION
Superficial infections like vaginitis, oral thrush and diaper rash caused by Candida albicans are severe and become systemic in immunocompromised individuals (McNeil et al. 2001; Nucci and Marr 2005) . The emergence of drug resistance in fungal pathogens and the limited repertoire of antifungals available to treat fungal infections have necessitated the need for the development of new antifungals (Anderson 2005; Pappas and Silveira 2009) . Among the currently used antifungals, azoles inhibit lanosterol 14α demethylase (encoded by ERG11) of the ergosterol biosynthesis pathway (Anderson et al. 2003; Anderson 2005; Cowen and Steinbach 2008) whereas the echinocandins target the cell wall biogenesis pathway (Douglas et al. 1997) .
The role of calcineurin, a calcium-calmodulin dependent phosphatase, in survival of C. albicans under various stress conditions is established (Reedy, Filler and Heitman 2010) . Calcineurin dephosphorylates CRZ1, a transcription factor that activates its target genes involved in cell wall maintenance, ion homeostasis and serum survival (Karababa et al. 2006; Zhang, Heitman and Chen 2012) . While the calcineurin mutant (cmp1 / ) displays increased susceptibility to azole antifungals, alkaline pH, cell wall damaging agents, ER stress inducers and cations (Cruz et al. 2002; Bader et al. 2003 Bader et al. , 2006 Sanglard et al. 2003; Reedy, Filler and Heitman 2010) , the crz1 / cells display intermediate phenotypes to the aforementioned compounds compared with calcineurin mutant (Onyewu et al. 2004; Santos and de Larrinoa 2005; Karababa et al. 2006) , demonstrating that calcineurin has additional targets. Calcineurin inhibitors like cyclosporine and FK506 convert azole antifungals, eichonacandins and ER stressors from fungistats to fungicides (Marchetti et al. 2000; Bonilla, Nastase and Cunningham 2002; Cruz et al. 2002; Edlind et al. 2002; Onyewu et al. 2003; Steinbach et al. 2004; Zhang, Heitman and Chen 2012) , making this pathway an attractive target for antifungal therapy.
All these studies have spurred research to identify upstream regulators and downstream effectors of the calcineurin pathway that may potentially be targets for future antifungal therapy (Steinbach et al. 2007) . In order to identify additional downstream effectors of the calcineurin pathway, transcriptional profiling was performed with cells grown in the presence of 200 mM CaCl 2 . RTA2 and RTA4 (Resistance To Aminocholesterol (AC)) were among the 264 genes that were upregulated in response to CaCl 2 (Karababa et al. 2006) . The RTA genes with a predicted seven transmembrane domain (TMD) topology, similar to that of the G-protein coupled receptor (GPCR) albeit without the GPCR signature sequences, bear homology to proteins of the Rta1-like family (also referred to as the lipid-translocating exporters) of Saccharomyces cerevisiae (Manente and Ghislain 2009) . Keeping in view the pleiotropic effect of the calcineurin mutant and the lesser known downstream effector molecules of this pathway, we sought out to analyze the functional relevance of RTA2. Earlier studies show that calcineurin-dependent azole resistance is mediated by RTA2, which causes reduction in the efficacy of fluconazole in vivo (Jia et al. 2008 (Jia et al. , 2009 (Jia et al. , 2012 , while the functional relevance of RTA4 has not been established.
The ER, which is the cellular compartment where most proteins fold and mature, maintains an optimized environment filled with chaperones, glycosylation enzymes and oxidoreductases. In situations where ER is challenged by conditions such as hypoxia, nutrient deprivation or calcium starvation, the load of misfolded proteins increases in this organelle. As a consequence, an adaptive response collectively termed as the unfolded protein response (UPR) is triggered by sensors residing on the ER membrane. Saccharomyces cerevisiae utilizes the transmembrane protein kinase and endonuclease, Ire1p, for splicing an intron in the mRNA encoding the bZIP transcription factor, HAC1. The spliced HAC1 mRNA is translated into functional Hac1p which in turn induces the transcription of genes (containing UPR promoter element) involved in repairing the damage caused by ER stressors (Mori et al. 1996; Harding, Zhang and Ron 1999; Saloheimo, Valkonen and Penttila 2003; Mulder et al. 2004; Wimalasena et al. 2008) . The role of Hac1p and its genome-wide impact on the UPR pathway is described in C. albicans (Wimalasena et al. 2008) , though the role of CaIRE1 in splicing remains unidentified. In the above study, RTA2 is one of the several genes that are upregulated in response to tunicamycin (TM; Wimalasena et al. 2008) . Other than the Ire1p-Hac1p system, ER stress response is also influenced by the SLT2 MAPK and osmosensing HOG MAPK pathways in S. cerevisiae (Chen et al. 2005; Torres-Quiroz et al. 2010) . The exact role of these pathways in ER stress response has not been established in C. albicans. Additionally, calcineurin and crz1 / mutants in C. albicans display increased susceptibility to ER stressors like TM and DTT, indicating a role for this pathway in surviving ER stress (Zhang, Heitman and Chen 2012) . However, the role of the downstream effector molecules of the calcineurin pathway in countering ER stress remains elusive and largely unexplored in C. albicans.
In this study, we show that RTA2 is transcriptionally activated in response to azole antifungals and cell-wall-damaging agents. In addition, the deletion of RTA2 leads to increased susceptibility to the ER stress inducer, TM and to the morpholine-like drug, 7-aminocholesterol (7AC). We therefore sought to elucidate the role of RTA2 in providing resistance to cells exposed to TM. To address the role of RTA2 in regulating the HAC1-dependent UPR pathway, we monitored (i) the transcriptional regulation of a subset of UPR target genes that are normally upregulated in response to TM-induced ER stress in a Hac1-dependent manner, (ii) splicing of the 19 bp intron in HAC1 mRNA and (iii) total Hac1p levels in the rta2 / cells, in uninduced and TM-induced conditions.
Our results show that the rta2 / mutant displays reduced expression of HAC1-dependent UPR target genes upon TM induction (basal levels of these genes remained unchanged), with only a moderate change in HAC1 splicing, as measured by transcript levels of HAC1 i mRNA (spliced version of HAC1). The Hac1 protein levels also remained unchanged between the wild type and mutant on TM induction. We demonstrate that RTA2 provides an essential function to alleviate TM-induced ER stress in C. albicans by enabling the activation of Hac1p-specific target genes involved in the UPR pathway. Collectively, this study not only assigns a novel role to RTA2 in ER stress response but also highlights the significance of components of the calcineurin pathway in the regulation of ER stress pathway.
MATERIALS AND METHODS

Strain, chemicals and growth conditions
All C. albicans strains and plasmids are listed in Tables 1 and 2 . Strains were maintained on YEPD medium (1% yeast extract, 2% bacto peptone, 2% glucose and 2% agar for solidification). YEPD medium supplemented with 200 μg ml −1 of nourseothricin (Werner Bioagents, Jena, Germany) was used for selection of deletion mutants. To obtain nourseothricin-sensitive derivatives of transformants, strains were grown in YPM (1% yeast extract, 2% peptone, 2% maltose) for 8 h and plated on 25 μg ml 
Strain construction
Deletion of RTA2 in C. albicans The SAT1-flipper strategy was employed to delete RTA2 from the wild-type strain SC5314 and calcineurin hyperactive strain, DSY2146 (Reuss et al. 2004) . Refer to tables (Supporting Information) for the primers mentioned in the text. Two different disruption cassettes were constructed for the two alleles of RTA2 in the disruption vector pSFS2. For this, 1000 bp 5 noncoding region (5 RTA2 NCR ) of RTA2 was amplified from SC5314 genomic DNA using the primers RTA2-5DF and RTA2-5DR, which introduced KpnI and XhoI restriction sites, and cloned into 5 end of the SAT1-FLP cassette in pSFS2 using the same enzymes. A 500 bp region of 3 RTA2 NCR was amplified with primers, RTA2-3DF1 and RTA2-3DR1, which introduced NotI and SacII sites and was cloned in the 3 end of the SAT1-FLP cassette (which already contains 5 RTA2 NCR ). The plasmid thus constructed, containing the disruption cassette for deletion of the first allele of RTA2 is referred to as pSLP10 (Table 2 ). For the deletion of the second allele, 3 end of pSLP10 was replaced by 600 bp of the RTA2 ORF , which was amplified by using the primer pair RTA2-3DF2 and RTA2-3DR2 and cloned using NotI and SacII restriction sites, generating pSLP11. The disruption cassettes were released by digesting pSLP10 (for first allele) and pSLP11 (for second allele) with KpnI and SacII. The wild-type strain, SC5314, was electroporated with the first round disruption cassette and deletion mutants were selected on 200 μg ml −1 nourseothricin (SLP1). To obtain nourseothricinsensitive derivatives of transformants, strains were grown in YPM (1% yeast extract, 2% peptone, 2% maltose) and plated on 25 μg ml −1 nourseothricin. These nourseothricin-sensitive heterozygous mutants (SLP2) were then used for the second round of transformation generating the homozygous null mutant strain SLP3. The CaSAT construct was flipped out from SLP3, resulting in SLP4. The RTA2 reconstituted construct was made by amplifying a 2.3-kb fragment containing the RTA2 ORF (1.36 kb) and the 5 RTA2 NCR region (1.0 kb) by using primers RTA2-5DF and RTA2-3 ORFR which introduced KpnI and XhoI sites. This fragment was ligated to KpnI-XhoI digested pSLP10, which already contains the 3 RTA2 NCR . This resulted in the plasmid pSLP12.
The cassette was digested with KpnI and SacII and transformed in SLP4 to yield the reconstituted strain, SLP5. Similar steps were used to delete RTA2 in DSY2146 and hac1 / backgrounds. Proper integration at each step was confirmed by Southern hybridization.
C-terminal Myc tagging
The C-terminal Myc-tagging plasmid, pADH34, containing a 13X Myc epitope tag preceding the SAT1-flipper cassette was used for epitope tagging as previously described (Nobile et al. 2009 ). PCR was done using template plasmid pADH34 and primers HAC1mycFnostop and HAC1mycRUTR. The PCR amplicon obtained with these primers constitutes a 13X myc epitope tag, SAT1 flipper cassette, 65 bp region homologous to HAC1 ORF minus its stop codon on the 5 end of the myc tag and a 65 bp region homologous to HAC1 UTR downstream of the stop codon on the 3 end of the SAT flipper cassette. This PCR product was transformed into SC5314 (wild type) and rta2 / to obtain strains SLP9 and SLP11, respectively. Correct integration of the C-terminal 13X myc epitope tag and SAT1 flipper was verified by colony PCR using detection primers DETHAC1F and AHO300 to check upstream integration and DETHAC1R and AHO301 to check downstream integration. The nourseothricinsensitive Hac1-Myc derivative strains SLP10 and SLP12 were constructed by flipping out the SAT1 cassette from strains SLP9 and SLP11, respectively, as described above. The primer pairs DE-THAC1F and AHO300, and DETHAC1R and AHO302 were used in colony PCR to confirm the flipping out of the SAT1-flipper cassette. The 13X myc epitope tag and the region of homology to the 3 end of HAC1 used for integration of the SAT1-flipper cassette was confirmed by sequencing the colony PCR product generated using primers DETHAC1F and AHO283. HAC1 myc tagging was also done in hac1 /HAC1 to obtain strains SLP13 and SLP14.
Southern blot analysis
Cells were grown overnight in YEPD at 30
• C with shaking and genomic DNA was extracted from the overnight culture and approximately 10 μg of genomic DNA was digested with EcoRI, separated on 1% agarose gel and transferred to a nylon membrane. Prehybridization and hybridization procedures were same as described earlier (Thomas et al. 2013) . The 5 RTA2 NCR region (-1 to -1000 bp upstream with respect to the ATG codon), obtained by digesting pSLP10 with KpnI and XhoI, was used as a probe for RTA2 deletion Southern hybridizations.
Drug susceptibility assays
Wild-type (SC5314), rta2 / mutant (SLP3) and the reconstituted strain (SLP15) were grown overnight on YEPD plates. The cells were then resuspended in normal saline to an OD 600 of 0.1. 5 μl of four serial dilutions (5 × 10 3 -5 × 10 5 cells) of each strain was spotted on to YEPD plates in the absence (growth control) and in presence of the compound of interest. Growth differences were recorded following incubation of the plates for 48 h at 30
• C. Minimum inhibitory concentration (MIC) was determined by broth microdilution methods described in CSLI guidelines. The diluted cell suspensions (10 4 cells ml −1 ) were added to the wells of round-bottomed 96-well microtitre plates containing equal volumes of RPMI-1640 (buffered with 0.165 mol L −1 MOPS) and serially diluted concentrations of TM (drug concentration ranged from 40 μM to 0.07813 μM). The plates were incubated at 37
• C for 48 h. The growth was evaluated by reading the OD 600 in a microplate reader and MIC 80 is defined as the lowest drug concentration that gave 80% inhibition of growth compared with the growth of the drug-free controls.
Quantitative real-time PCR
Candida albicans strains were grown overnight in YEPD, subcultured from a starting O.D 600 of 0.3 in fresh YEPD and incubated at 30
• C till O.D 600 reached 1.0. The desired compound/drug was added to the media and the culture was allowed to grow for 1 h (unless mentioned otherwise), after which cells of treated and untreated control samples were harvested for RNA extraction. Total RNA, isolated using the RNeasy mini kit (Qiagen), was treated with DNase I (Thermo Scientific) to remove contaminating DNA. cDNA was synthesized with a RevertAidTM H Minus First Strand cDNA synthesis kit (Thermo Scientific) according to the manufacturer's protocol. Real-time PCR reactions were performed in a volume of 25 μl using Thermo Scientific Maxima SYBR Green mix in a 96-well plate. For relative quantification of gene expression, the comparative C T method was used, where the fold change was determined as 2 − CT (Schmittgen and Livak 2008) . ACT1 was used as the internal control and transcript level of the gene of interest was normalized to ACT1 levels. Fold changes are means ± S.D and are derived from three or four independent RNA preparations. The qRT-PCR primers used in this study were designed by Primer Express 3.0 and are listed in tables (Supporting Information).
Determination of HAC1 intron splicing
To confirm the atypical intron in the HAC1 transcript, total RNA was extracted from C. albicans cells exposed to TM stress using the RNeasy mini kit (Qiagen). Reverse transcription-polymerase chain reaction (RT-PCR) was performed on these RNA preparations using RevertAidTM H Minus First Strand cDNA synthesis kit (Thermo Scientific). qRT-PCR was performed with TaqMan probe specific for spliced HAC1 (HAC1 i ) or primers recognizing the unspliced HAC1 (HAC1 u ) isoform. TaqMan Universal PCR Master Mix and primer probe mixes were obtained from Applied Biosystems by Life Technologies. ACT1 levels were used to normalize data.
Immunoblotting
For protein extraction, overnight cultures were diluted in fresh YEPD media to an A 600 of 0.3 and grown until they reached an A 600 of 1 at 30 • C and 200 rpm. Samples were treated with 4.7 μM TM for 2 h before recovering cells by centrifugation at 10 000 rpm for 5 min at 4 • C. Cells were resuspended in 200 μl lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X 100) with 1X protease inhibitor cocktail (G Biosciences Cat no. 786-333), 5 μM PMSF and 200 μl glass beads. Cells were lysed by 1 min bursts (three times) with Genie Cell Disruptor. The lysate was centrifuged at 13 000 rpm for 10 min at 4
• C, the supernatant was centrifuged again and the clear lysate was transferred to a fresh tube. Total protein quantification was done using BCA (bicinchoninic acid) assay kit using BSA as a standard. 50 μg of the whole cell extract was resolved by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane by Trans-Blot R Turbo Blotting System (Biorad). The blot was probed with primary antibody (anti-c-myc, 9E10, Santa Cruz Biotechnology Inc, sc-40), followed by a secondary HRP-conjugated antibody (Sigma Cat no. A2554) and detected using Clarity Western ECL blotting detection system (Biorad). For the Mkc1p phosphorylation blot, overnight cultures were diluted in fresh YEPD media to an A 600 of 0.3 and grown until they reached an A 600 of 1 at 30
• C and 200 rpm. Samples were treated with 5 μg ml −1 TM for 1 h before they were recovered. The procedures used for cell collection, lysis, protein extraction, fractionation by SDS-PAGE and transfer to nitrocellulose membranes have been previously described (Martin et al. 1993) . Anti-phospho-p44/p42 MAP kinase (MAPK) (Thr202/Tyr204) antibody (New England Biolabs) was used to detect dually phosphorylated Mkc1 and Cek1 MAPKs; phosphop38 MAP kinase (Thr180/Tyr182) 28B10 monoclonal antibody (Cell Signaling Technology, Inc.) and ScHog1 polyclonal antibody (Santa Cruz Biotechnology) were used to detect the phosphorylated Hog1 and Hog1 proteins, respectively.
RESULTS
Tolerance to ER stressors and 7AC is dependent on RTA2
Considering the role of calcineurin pathway in a plethora of stress responses, we first attempted to determine the effects of deletion of RTA2 on susceptibility to different stresses. The rta2 / strain was constructed using the SAT1 flipper strategy (Reuss et al. 2004 ) and confirmed by Southern blot analysis (Fig. 1) . The rta2 / cells showed wild-type susceptibility to cations, pH and cell-wall-damaging agents (data not shown). However, rta2 / cells displayed increased susceptibility to a few compounds; 7AC and an ER stressor; TM ( Fig. 2A) . The rta2 / cells did not show altered tolerance to other ER stressors, such as DTT and β-mercaptoethanol (See Supplementary  Fig. S1 ), indicating that RTA2 may have a role in providing resistance solely to TM. We chose 7AC because ScRTA1, the S. cerevisiae ortholog of RTA2, when overexpressed in S. cerevisiae confers resistance to this compound (Soustre, Letourneux and Karst 1996) . The AC compounds are predicted to function like morpholines that inhibit ergosterol biosynthesis by affecting the en- (Elkihel et al. 1994) . The reintegration of RTA2 restored the growth of the null mutants to wild-type levels in presence of TM and 7AC ( Fig. 2A) . In order to show that RTA2-mediated tolerance to these compounds is dependent on the components of the calcineurin pathway, we also included the calcineurin (cmp1 / ; CMP1M3) and crz1 / mutant for spot assays in presence of these compounds. CMP1 encodes the catalytic subunit A of calcineurin, while CRZ1 is a transcription factor which induces the expression of calcineurin responsive genes. Notably, the growth of cmp1 / and crz1 / cells was attenuated compared to the wild type on 7AC and TM, indicating that any block in this signaling pathway could be abrogating the expression of RTA2 leading to an increased susceptibility to the aforementioned compounds (Figs 2A and 7) . While the MIC 80 value for wild-type cells was 40 μM in response to TM (refer Table 3), rta2 / cells displayed an 8-fold reduction in this value (MIC 80 5 μM). Calcineurin mutants also displayed a significantly reduced MIC 80 (cmp1 / -1.1 μM, crz1 / -3.1 μM), consistent with the spot plate assays. In order to strengthen the link between calcineurin pathway and RTA2-mediated tolerance to ER stress, we deleted RTA2 in a strain carrying a hyperactive allele of calcineurin (DSY2146 or CNA1 HA ). Spot assay showed that deletion of RTA2 in CNA1 HA rendered cells sensitive to 1.4 μM TM, while the reintegration of RTA2 restored the growth of the null mutant to wild-type levels in this strain background, which is also reflected in the MIC 80 values for these strains (Table 3 ). This indicates that constitutive calcineurin signaling does not rescue the RTA2-dependent TM sensitivity and that this pathway operates via RTA2 to alleviate TM induced ER stress (Fig. 2B) . Thus, we conclude that tolerance to TM is dependent on the presence of functional calcineurin pathway, which operates via RTA2 for survival during ER stress.
Transcriptional regulation of RTA2
Upregulation of RTA2 in response to calcium, cell wall inhibiting agents and ketoconazole has been demonstrated though genome wide transcriptome studies (Liu et al. 2005; Karababa et al. 2006) . In order to validate calcium triggered calcineurin dependent regulation of RTA2, we first performed qRT-PCR to quantify transcript levels of RTA2 in cmp1 / and crz1 / and found its expression to be significantly downregulated (0.45-and 0.52-fold, respectively), while RTA2 was 3-fold upregulated in CNA1 HA , confirming that RTA2 expression is dependent on the components of the calcineurin pathway (Fig. 3A) . Secondly, induction of RTA2 expression in presence of calcium was confirmed by measuring RTA2 transcript levels in wild-type cells treated with 10 mM CaCl 2 relative to untreated cells. Figure 3B shows 8.5-fold increase in RTA2 expression upon CaCl 2 treatment. Additionally, Ca 2+ treatment in the calcineurin (cmp1 / ; CMP1M3) and crz1 / mutant failed to trigger an up regulation of RTA2 transcript levels. This data suggests that RTA2 is a downstream component of the calcineurin pathway and its expression upon Ca 2+ treatment is calcineurin dependent. In concurrence with this data, a previous study has also shown that the expression of RTA2 is induced by CaCl 2 in a calcineurin-dependent manner (Jia et al. 2009 ). Caspofungin, an inhibitor of β 1, 3-glucan synthesis, also up regulates the expression of RTA2 as per a previous microarray study (Liu et al. 2005) . We observed a 5.3-fold up regulation for RTA2 transcript in response to caspofungin (Fig. 3C) . Additionally, we observed that the expression of RTA2 was also responsive to TM, 7AC and sodium dodecyl sulphate (SDS) (Figs 3C and 5A). As rta2 / strain displayed increased susceptibility to the sterol biosynthesis impairing compound, 7AC, we probed the regulation of RTA2 in response to ergosterol biosynthesis inhibitors (EBIs). We show that RTA2 is up regulated in response to EBIs, polyenes and allylamine class of antifungals (Fig. 3D) . From this data, we interpret that transcriptional induction of RTA2 not only occurs in response to calcium, but also to cellwall-damaging agents and EBIs. In aggregate, this set of data indicates that up regulation of RTA2 is part of a global response to antifungal-induced cell membrane and/or cell wall stress.
RTA2 plays a role in the transcriptional response to ER stress
In yeast cells, ER stress is caused by the accumulation of unfolded proteins during secretion, and also by other conditions such as the disruption of calcium homeostasis, inhibition of glycosylation and glucose depletion. TM, a well-characterized UPR inducer, inhibits glycosylation in the ER resulting in accumulation of unglycosylated proteins, which in turn triggers the UPR pathway. As increased susceptibility to TM is also associated with an altered cell wall, the rta2 / mutant was examined for cell wall defects. The status of MAPK Mkc1 was analyzed in the rta2 / cells as activation of Mkc1 occurs as a result of perturbations in the cell wall (Navarro-Garcia et al. 2005 ). We did not observe any change in the levels of phosphorylated Mkc1p between the wild type and the mutants with or without TM stress (Fig. 4A ). This result is suggestive for the absence of any intrinsic cell wall damage in the mutant. Phenotypes associated with cell wall defects are known to be complemented by the addition of an osmotic stabilizer like sorbitol (Chen et al. 2005) . The addition of sorbitol did not have an effect on TM sensitivity of the rta2 / mutant (Fig. 4B ). This data suggests that the increased susceptibility of the rta2 / mutant to TM is primarily the result of ER stress and not due to an intrinsic defect in the cell wall. We hypothesize that RTA2, as a downstream effector molecule of the calcineurin pathway is involved in mediating a protective response to ER stress that may be independent of cell wall defects. Approximately 20% of genes upregulated in TM-induced conditions are dependent on the transcription factor, Hac1p. Consequently, HAC1 deletion compromises resistance of C. albicans to ER stressors, implying the central role of HAC1 in UPR. Since upregulation of RTA2 was observed in a genome-wide expression profiling of C. albicans to UPR-activating agents, TM and DTT (Wimalasena et al. 2008) , we hypothesized a role for RTA2 in coping with TM-induced ER stress and analyzed the effect of RTA2 deletion on expression of a subset of Hac1p-dependent target genes. We first validated the TM-induced expression of RTA2 by qRT PCR and extend it to show that the up regulation of RTA2 was abrogated in cmp1 / and crz1 / cells (Fig. 5A) . This suggests that the transcriptional induction of RTA2 by TM, similar to its other inducers, requires a functional calcineurin pathway.
Functional categories related to protein secretion, glycosylation/modification, protein folding, cell wall biosynthesis were significantly up regulated in the genome-wide expression profiling study (Wimalasena et al. 2008) . A total of 252 genes out of 383 were identified as Hac1-dependent, which included SEC61, YSY6, KAR2, IFF2, orf 19.2756 , while the expression of RTA2 remained unaffected in the absence of HAC1 in this study. Therefore, in order to characterize the relationship between RTA2 and the Hac1p-dependent UPR pathway, we used the transcriptional induction of the above genes, among which KAR2 is the most commonly used classic marker for ER stress in yeast (Kimata and Kohno 2011) , as a marker for trigger of Hac1-mediated UPR. Analysis of the expression profile of these UPR target genes by qRT-PCR in the rta2 / cells show no change in gene expression relative to the wild type in uninduced conditions (data not shown). Monitoring the expression of these genes in TMinduced (4.7 μM for 2 h) condition revealed that while SEC61, YSY6, KAR2, orf 19.2756 and ERD2 were upregulated 1.9-, 3.6-, 1.9-, 2.1-and 2-fold, respectively in wild-type cells, fold upregulation of these genes in rta2 / cells was significantly low (≤1.2-fold induction) (Fig. 5B) . Diminished expression of these UPR marker genes in the RTA2 deletion mutant (Fig. 5B) indicate an abrogated UPR response during TM-induced ER stress.
Absence of RTA2 has a moderate effect on the level of spliced HAC1 mRNA Early events in the UPR signaling pathway include the Ire1p-dependent splicing of immature HAC1 u pre-mRNA to mature HAC1 i mRNA, which is efficiently translated to promote accumulation of the Hac1 transcription factor (Schroder, Clark and Kaufman 2003) . We hypothesized that the reduced expression of UPR marker genes may be due to altered expression of HAC1 mRNA or low protein levels of HAC1. As UPR activation is tightly regulated post transcriptionally by the non-canonical splicing of HAC1 mRNA, we questioned whether this splicing event was altered in the rta2 / mutant. We examined HAC1 mRNA splicing in ER stressed cells by qRT-PCR using intron (for HAC1 u premRNA) and exon-exon junction (for mature HAC1 i mRNA) specific primer probe pairs. While the spliced HAC1 i transcript was induced 14-fold in the wild type after 2 h incubation with 4.7 μM TM, up regulation in rta2 / mutant strain was 9.8-fold. This result indicates that the rta2 / mutant shows a 30% reduction in HAC1 mRNA splicing upon TM treatment compared to the wild type (Fig. 6A) . Thereafter, we analyzed how the reduction in HAC1 i transcript level correlates with the protein levels of HAC1 between the wild type and the mutant. A C-terminal 13X Myc tagged version of Hac1p (Hac1-Myc) was used to examine Hac1p levels by immunoblotting. The Hac1-Myc fusion protein was fully functional when expressed as the only copy in the cell. Strain containing Hac1-Myc construct in hac1 / background shows restoration of growth in the presence of TM in spot assay, as well as the desired protein band in immunoblot assay (see Fig. S1 , Supporting Information). Immunoblot analysis of Hac1-Myc recovered from wild-type and rta2 / cells grown in YEPD and incubated for 2 h in the presence or absence of TM (4.7 μM) showed an increased expression of Hac1-Myc upon TM induction (Fig. 6B ). Hac1-Myc was detected in both untreated and TM treated wild-type and mutant cells, contrary to several studies in S. cerevisiae that report appearance of Hac1p only upon ER stress (Cox and Walter 1996; Back et al. 2005) . This may be attributed to basal levels of HAC1 mRNA splicing occurring in C. albicans in the absence of ER stress resulting in low levels of Hac1p. Another observation was that Hac1-Myc migrated as a band of approximately 75 kDa in both wild-type and the rta2 / cells, in uninduced and induced conditions, which is larger than its calculated molecular weight of 57.1 KDa (Fig. 6B ). The Hac1-Myc level also increased in response to another ER stressor-DTT and migrated at 75 kDa in the wild type, similar to TM-induced condition (see Fig. S1 , Supporting Information), confirming its authenticity and function in ER stress response. This discrepancy in size may be attributed to the abundance of serine (15.3%) and threonine (9.3%) residues in the Hac1 protein, which are sites for Olinked glycosylation and phoshphorylation. Nonetheless, upon TM induction, the level of Hac1-Myc increased in both wild-type and rta2 / cells to the same extent (Fig. 6B) . These results suggest that the observed 30% reduction in HAC1 mRNA splicing in rta2 / did not lead to altered Hac1p levels. Therefore, RTA2 affects the expression of the Hac1p-dependent target genes in a molecular mechanism largely independent of splicing of HAC1 mRNA and Hac1 protein levels. Next, we deleted RTA2 in the hac1 / background and monitored the viabilities of the single and double mutants in the presence of varied concentration of TM. While hac1 / and rta2 / cells are sensitive at 1.4 μM TM, respectively, rta2 / hac1 / double mutant shows an increased growth defect at lower concentration (1 μM) of the drug (Fig. 6C) . Similarly, while rta2 / and hac1 / had a MIC 80 of 5 μM and 2.5 μM, respectively, the rta2 / hac1 / double mutant had a MIC 80 of 1.3 μM in response to TM (Table 3) . Additionally, susceptibility of rta2 / hac1 / to DTT was not exacerbated compared to the single mutants (see Fig. S1 , Supporting Information), confirming that RTA2 does not affect tolerance to DTT. This result suggested that RTA2 and HAC1 may function in parallel to cope with TMinduced ER stress in C. albicans (Fig. 7) .
DISCUSSION
The maintenance of ER homeostasis is crucial for various aspects of cell physiology as it is the site for folding of nascent membrane and secreted proteins. In situations where this homeostasis is perturbed, the widely conserved classic UPR pathway is activated in all eukaryotic cells (Travers et al. 2000; Schroder, Clark and Kaufman 2003; Bernales, Papa and Walter 2006; Kimata et al. 2006; Ron and Walter 2007) . In S. cerevisiae, UPR consists of signaling through the ER transmembrane sensor, IRE1, and leads to synthesis of Hac1p, the only identified target of IRE1 (Niwa et al. 2005) . Studies pertaining to ER stress response mechanisms and components involved therein have been addressed in C. glabrata, wherein, expression of ER responsive genes such as KAR2 is dependent on the calcineurin-Crz1 pathway and not on Ire1 signaling (Miyazaki and Kohno 2014) . Parallel studies in C. albicans show that Hac1p has a role in morphogenesis, cell wall functions and in UPR (Wimalasena et al. 2008) . Candida albicans IRE1 is involved in filamentation, adherence and attachment; however, its role in mediating HAC1 splicing and thus ER stress response has not been demonstrated (Blankenship et al. 2010) . In the present study, we report that RTA2, a downstream effector molecule of the calcineurin pathway known to be involved in the emergence of azole resistance in C. albicans (Jia et al. 2009) , is a stress responsive gene whose expression is induced under cell wall/cell membrane damage. We also show for the first time the role of RTA2 in providing tolerance to the ER Stressor, TM and the morpholine drug, 7AC whose putative target is the ergosterol biosynthesis pathway. Increased susceptibility to TM is a phenotype that is shared between calcineurin mutant (cmp1 / ), crz1 / and rta2 / cells (Fig. 2A) . This overlapping phenotype, together with the TM susceptibility of rta2 / in CNA1 HA strain (Fig. 2B) suggests that RTA2 is the sole downstream effector molecule of the calcineurin pathway that mediates TM tolerance in C. albicans. We also propose that a functional calcineurin pathway which is activated in presence of calcium (Karababa et al. 2006) , is requisite for the increased expression of RTA2 in presence of calcium and TM (Fig. 3) . Evidence for this conclusion is derived from two experiments; (i) the expression of RTA2 is upregulated in a strain carrying a hyperactive allele of calcineurin and downregulated in cmp1 / and crz1 / mutants and (ii) increased RTA2 expression in response to calcium and TM is abrogated in the calcineurin (cmp1 / ) and crz1 / mutants. Additionally, expression of UPR target genes was significantly reduced in rta2 / cells, implying that RTA2 is vital for mounting UPR during TM-induced ER stress. Furthermore, we show that the inability of the rta2 / mutant to survive in the presence of TM is primarily an indication of an attenuated ER stress response rather than a cell wall defect as the CWI pathway was found to be intact in the mutant (Fig. 4) . In aggregate, these set of data not only reaffirm the position of RTA2 as a downstream effector molecule of the calcium-induced calcineurin pathway but also implies its importance in mounting a UPR during ER stress in C. albicans.
Although calcineurin and Crz1 deletion mutants of C. albicans display increased susceptibility to TM and DTT (Zhang, Heitman and Chen 2012) , downstream effector molecules of this pathway or the precise role of this pathway in mounting a UPR has not been established. Herein, we report that during TM-induced ER stress, calcineurin via RTA2 and the Hac1p-dependent classic UPR pathways operate in concert to prevent cell death. Previous reports in S. cerevisiae have shown that Hac1 protein autoregulates HAC1 transcription by binding to UPR elements (UPRE) present in its own promoter. Inefficient binding leads to low levels of either unspliced or spliced HAC1 mRNA and cells become sensitive to ER stress (Ogawa and Mori 2004) . In this study, although Hac1p-dependent UPR target gene expression was diminished, decreased spliced HAC1 i product in rta2 / mutant did not result in reduced Hac1 protein levels. Interestingly, deletion of RTA2 in hac1 / mutant showed additive effects on viability loss in the presence of TM leading to the conclusion that calcineurin-regulated RTA2 functions in parallel with the HAC1-controlled UPR pathway to relieve ER stress in C. albicans. This study indicates that the crosstalk between these two pathways may be independent of HAC1 splicing or protein levels as there may be alternative control points for the activation of UPR. Nonetheless, these results suggest that presence of a functional RTA2 is necessary for Hac1p to upregulate its target genes to maximal levels enabling the cell to adjust the protein folding capacity of the ER during stress (Fig. 7) . The RTA2-dependent regulation of HAC1 target genes during ER stress establishes a regulatory link that may be fundamental to the predicted functional relationships between the UPR and calcium signaling pathways. A similar kind of crosstalk is reported in S. cerevisiae between GCN4, a transcription factor responsive to amino acid starvation, glucose limitation and UV radiation and Hac1p to upregulate UPR target genes upon ER stress (Patil, Li and Walter 2004; Herzog et al. 2013) . Keeping in view that seven transmembrane receptor proteins are involved in initiating various signaling pathways, it is possible that RTA2 directs the signal emanating from cells during ER stress (due to resulting calcium influx) to a variety of effectors. These effectors could be the heterotrimeric G proteins or intracellular proteins such as β-arrestin, tyrosine kinases, PDZ domain containing proteins or yet unidentified downstream effector molecules of RTA2 (Sun, McGarrigle and Huang 2007; Ritter and Hall 2009) . While the existence of a crosstalk between calcineurin signaling and ER stress response pathway is evident from this study, the molecular details of this link remain to be investigated. Pathogenic fungi such as Aspergillus fumigatus, Cryptococcus, C. glabrata and C. albicans encounter ER stress from several sources during invasion of host tissues. The host microenvironment not only accounts for UPR-triggering oxidative damage and cell wall/membrane stress, but also increases demand on the secretory pathway in these fungal pathogens (Moore and Hollien 2012; Kitamura 2013 ). In C. albicans, the components of the UPR play a central role in virulence-associated traits such as adhesion, attachment and tolerance to cell-wall-damaging agents (Wimalasena et al. 2008; Blankenship et al. 2010) . While RTA2 is not directly involved in virulence, its deletion is known to enhance the therapeutic efficacy of fluconazole in a murine model of systemic candidiasis (Jia et al. 2012) . In this context, it is pertinent to mention that targeting RTA2, which is unique to the fungal kingdom, may interfere with the ability of C. albicans cells to protect itself from adverse ER stress-inducing conditions in the host environment, including attack from the current range of antifungal drugs. Therefore, inhibitors that target RTA2 along with the one or more of the currently used antifungals may increase the efficacy of the drug, hinder development of infection and thwart the development of antifungal resistance.
